Introduction
Oxidative stress, a risk factor of several cardiovascular disorders, interferes with NO/cyclic GMP (NO/cGMP) signaling through scavenging of NO and formation of the strong intermediate oxidant peroxynitrite (ONOO -; refs. [1] [2] [3] [4] . Under these conditions, endothelial and vascular dysfunction develops, culminating in coronary heart disease, myocardial infarction, and stroke (5) . Substituting NO with organic nitrates that release NO (NO donors) has been an important principle in cardiovascular therapy for more than a century. However, development of nitrate tolerance limits their continuous clinical application and, under oxidative stress and increased formation of ONOO -, foils the desired therapeutic effect (5) . In addition, cardiovascular disease states are accompanied by downregulation of the activity and expression of the heme-containing NO receptor soluble guanylyl cyclase (sGC; refs. [6] [7] [8] . In vitro, the activity of the NO-sensitive sGC can be directly impaired by ONOO - (9, 10) . Thus ROS both scavenge NO and, via ONOO -, inactivate its receptor with respect to NO sensing. One of the heterodimeric enzyme's redox-sensitive sites is a prosthetic heme group (11) bound to the smaller (70-kDa) b subunit; oxidation of its ferrous heme inhibits the NO-mediated activation of sGC (12) . Possible further implications of heme oxidation in regulating enzyme stability and protein levels are not yet known; even whether oxidized sGC is present under (patho)physiological conditions is a matter of debate.
It would therefore be desirable to directly measure the intracellular molar ratio of Fe 2+ /Fe 3+ -containing and heme-free sGC, specifically against the background of all other cellular heme proteins with sufficient sensitivity and independent of artificially changing this ratio by the extraction procedure (see Supplemental Discussion; supplemental material available online with this article; doi:10.1172/JCI28371DS1). Such methods are not available to date. In lieu thereof, a recently discovered NOand heme-independent activator of sGC, 4-[((4-carboxybutyl) {2-[(4-phenethyl-benzyl)oxy] phenethyl}amino)methyl [benzoic] acid (BAY 58-2667) appears to be the first experimental tool to assay the intracellular sGC redox state (13) .
Stasch and coworkers have characterized BAY 58-2667 as an NO-independent sGC activator with unique pharmacological and biochemical properties such as potent in vitro and in vivo vasorelaxation even under conditions of nitrate tolerance and antiaggregatory activity not shared by nitrate-based sGC activators (13) . Furthermore, BAY 58-2667 exhibited an unexpected biochemical feature, namely the activation of the oxidized/ heme-free state of sGC, indicating that this compound might be a valuable tool to access this "assumed-to-be" artificial redox state of sGC.
However, this initial work left major essential clinically and therapeutically relevant points open: Is oxidized/heme-free sGC just a biochemical artifact, or is it present under physiological conditions as part of a previously unrecognized sGC redox equilibrium? Are the effects of BAY 58-2667 due to the activation of oxidized or reduced sGC? Can this putative selectivity be exploited therapeutically in diseased versus normal blood vessels, and what are the long-term consequences of BAY 58-2667 in therapeutically relevant animal models? And, most important, is the compound active in normal and diseased human vessels?
In the present work we therefore aimed to go beyond the initial characterization of BAY 58-2667 and to address these clinically relevant questions. We demonstrate for the first time to our knowledge that BAY 58-2667 selectively activates a state of sGC that is indistinguishable from the NO-insensitive oxidized/heme-free state of the enzyme, introducing to vascular medicine what we believe to be a novel mode of sGC activation and vasodilatation. We demonstrate that ROS such as ONOO -, a hallmark of various cardiovascular diseases, are capable of shifting the sGC redox equilibrium to the ferric NO-insensitive state. BAY 58-2667 could represent the first therapeutic principle that preferentially targets diseased blood vessels, which we have shown here in vitro and in vivo including in human vascular disease models, known to be accompanied by increased levels of vascular oxidative stress. Collectively, we hereby extend the initial discovery and observations of BAY 58-2667 to what we believe to be a new concept of vascular dysfunction and suggest a therapeutic approach to this via an enzyme-and redox-specific drug.
Figure 1
Chemical structure of BAY 58-2667. 
Results
To establish BAY 58-2667 ( Figure 1 ) as an adequate tool to follow changes in the intracellular sGC redox equilibrium, we first aimed to clarify in vitro whether oxidized rather than reduced sGC is the primary target of sGC activators that are known to bind to the sGC heme pocket, e.g., BAY 58-2667 and protoporphyrin IX (PPIX).
The majority of a standard recombinant sGC preparation will be purified in a reduced heme-containing state; however, like for any other purified heme protein, small amounts of oxidized and heme-free enzyme will also be present in virtually unpredictable ratios. Stimulation of such a preparation with the NO donor 2-(N,N-diethylamino)-diazenolate-2-oxide (DEA/NO; 300 mM) and PPIX (10 mM) produced a 23-and 32-fold stimulation of cGMP formation compared with basal enzymatic activity, respectively (data not shown). Similar to PPIX, BAY 58-2667 activated sGC in a concentration-dependent manner from 0.1 nM to 10 mM ( Figure 2A) ; however, BAY 58-2667 was more potent and effective than PPIX (50% effective concentration [EC 50 ], BAY 58-2667, 6.4 ± 0.68 nM; versus PPIX, 18.7 ± 5.24 nM; P < 0.05). When both compounds were coincubated, a maximally activating concentration of PPIX prevented further activation by BAY 58-2667 (Figure 2A) . Similar results were obtained with a preparation of exclusively heme-free recombinant sGC ( Figure 2B ), indicating that BAY 58-2667 and PPIX compete for the same subpopulation and binding site of heme-free sGC within this enzyme preparation. This view was further supported by the observed competition between BAY 58-2667 and non-sGC-activating metalloporphyrins: BAY 58-2667-stimulated sGC activity was blocked by Zn-, Mn-, and Fe 2+ -protoporphyrin in a competitive manner ( Figure 2C ). Moreover, in a radioligand binding study, sGC-bound, 3 H-labeled BAY 58-2667 was completely replaced by Zn-PPIX ( Figure 2D ; IC 50 , 20 ± 1.3 nM). This result strongly suggests that BAY 58-2667 and PPIX activate heme-free sGC by binding to the unoccupied heme pocket. Pharmacologically, PPIX behaved as a partial agonist, BAY 58-2667 as a full agonist, and Zn-PPIX as a competitive antagonist at the sGC heme pocket.
In addition to its effect on the heme-free sGC, BAY 58-2667 also activated the heme-containing, oxidized enzyme. To address the effect of the Fe 2+ /Fe 3+ sGC redox ratio on the BAY 58-2667 response, heme-containing and heme-free sGC were incubated with increasing concentrations of 1H- Figure 2E ). In the presence of a maximally activating concentration of 100 nM BAY 58-2667, sGC activity was further enhanced by ODQ (EC 50 , ~190 nM; Figure 2F ). This concentration-dependent effect of ODQ was consistent with binding studies showing an ODQ-dependent increase in 3 H-BAY 58-2667 binding with a similar EC 50 (~170 nM; Figure 2G ). The excellent correlation of these findings supports the notion that ODQ or other oxidizing mechanisms shift the redox equilibrium to oxidized, BAY 58-2667-sensitive form. A mechanism by which BAY 58-2667 discriminates between both sGC redox states was suggested earlier: BAY 58-2667, although a nonporphyrinic structure, is able to mimic the spatial structure of the heme, allowing direct competition of both ligands for the sGC heme-binding pocket (14) . However, only the weakly bound oxidized heme (15) can be effectively replaced by BAY 58-2667. In contrast, no competition with the reduced heme was observed, even at concentrations at the limit of solubility of BAY 58-2667, foiling any classical receptor-binding approach (16) . Consistently, at the heme-free enzyme BAY 58-2667-induced sGC activation and binding quickly reached saturation that was not influenced by further addition of ODQ ( Figure 2 , I and J). DEA/NO alone or combined with the NO sensitizer BAY 41-2272 showed no sGC activation ( Figure 2H ). These data establish in vitro that BAY 58-2667 activates only the heme-deficient enzyme via a direct interaction with the unoccupied heme-binding pocket or by displacing the weakly bound, oxidized heme. (D) cGMP content of aortic rings of Wistar rats and SHR (5-6 months of age) exposed to vehicle (white bars), 10 mM BAY 58-2667 (gray bars), or 10 mM BAY 58-2667 plus 10 mM ODQ (black bars). cGMP levels are expressed as mean ± SEM of 5-10 animals. *P < 0.05; **P < 0.01; ***P < 0.001.
Next we addressed whether a BAY 58-2667-sensitive sGC is present in native endothelial cells. Exposure of endothelial cells to BAY 58-2667 (10 mM, 3 minutes) produced a small but significant 3.4-fold increase in cGMP levels that was increased to 10-fold upon pretreatment with ODQ (20 mM, 30 minutes; Figure 3A ). Similar results were obtained in human platelets ( Figure 3B ). BAY 58-2667 had virtually no effect on a broad range of cyclic nucleotide-metabolizing enzymes (phosphodiesterase [PDE] inhibition by 10 mM BAY 58-2667 for PDE1, 1%; for PDE2, 5%; for PDE3, 4%; for PDE4, 2%; for PDE5, 1%; for PDE6, 15%; for PDE7, 2%; for PDE8, -4%; for PDE9, 0%; for PDE11, 4%), indicating that increased cGMP accumulation must be due to an effect on cGMP synthesis rather than cGMP degradation. To investigate whether the effectiveness of BAY 58-2667 to stimulate oxidized sGC in intact cells holds true for models of oxidative stress that resemble more vascular disease conditions, we in endothelial cells preincubated with 10 mM ODQ, 10 mg/ml cycloheximide, or 10 mg/ml emetine for 0, 2, 4, and 8 hours. (I) Endothelial cells were treated for 24 hours with 250 mM 8-Br-cGMP, 100 mM YC-1, 200 mM of the PDE inhibitor Zaprinast, and 100 mM DEA/NO. All sGC protein levels were determined by Western blot. Data are expressed as percent of control (means ± SEM of 3-6 independent experiments performed in triplicate). *P < 0.05; **P < 0.01. On A, C, D, and E, representative blots are shown.
used the ONOO -donor 3-morpholino-sydnonimine hydrochloride (SIN-1; ref. 17) . ONOO -, generated by the reaction between superoxide and NO, was shown to decrease NO-stimulated sGC activity (9, 10), and heme oxidation was suggested to be a possible mechanism for this effect (7) . Indeed, when endothelial cells were treated with 500 mM SIN-1 for 24 hours, a significant decrease in NO donor-stimulated cGMP accumulation was observed while the BAY 58-2667 response increased ( Figure 3C ). In agreement with the above findings obtained with the purified enzyme (Figure 2 , C and D), Zn-PPIX (10 mM) selectively abolished the BAY 58-2667-induced increase in cellular cGMP while the NO response remained unaffected (data not shown).
Together, these data demonstrate under physiological and more so under oxidative stress the intracellular occurrence of a BAY 58-2667-sensitive sGC that is indistinguishable from the isolated heme-free and/or oxidized enzyme.
Besides these acute effects of BAY 58-2667 on sGC activity, we observed a second chronic effect: prolonged exposure of endothelial cells to BAY 58-2667 resulted in an additional increase in the protein levels of the heme-binding sGC b 1 subunit ( Figure 4B ), while NO donors, NO sensitizers of sGC like YC-1, or cGMP analogs had no significant effect -or the opposite effect -on sGC protein levels ( Figure 4I ). We hypothesize that this effect of BAY 58-2667 is based on reduced degradation due to stabilization of the sGC b subunit upon BAY 58-2667 binding to its heme pocket. While the importance of sGC heme and its redox state for the regulation of enzyme activity is well understood, its role in regulating sGC stability and protein levels is unclear. Conflicting data regarding the effects of oxidation on sGC protein levels have been reported. ODQ prevents the NOinduced decrease of sGC protein levels in smooth muscle cells (18) , whereas treatment of chromaffin cells with ODQ results in a loss of sGC protein (19) . In good agreement with these latter data, we found a decrease in sGC protein levels upon exposing porcine endothelial ( Figure 4A ) or smooth muscle cells ( Figure 4D ) to ODQ. Mechanistically, the effect of ODQ on sGC protein is most likely due to ubiquitin-dependent protein degradation (Supplemental Figures 2 and 3) . The ODQ-induced decrease in sGC protein was faster than by inhibiting protein synthesis (cycloheximide or emetine; Figure 4 , G and H). Another substance known to oxidize sGC heme, methylene blue (20) (21) (22) , also decreased sGC protein levels ( Figure 4C) . Importantly, the effects of all tested heme oxidants -ODQ, SIN-1 ( Figure 4E) , and methylene blue -on sGC protein levels were completely prevented in the presence of BAY 58-2667. These data suggest that oxidation of sGC heme results not only in the loss of NOsensitive sGC activity but also in ubiquitin-dependent sGC protein degradation (Supplemental Figures 2 and 3) .
The latter mechanism apparently involves a reduced affinity of the apo-enzyme for the oxidized heme and possible loss of the prosthetic heme group (14) , which is why heme mimetics that occupy the heme binding pocket, stabilize the enzyme and consequently increase steady-state levels of sGC protein. To determine whether the stabilization of sGC is a unique feature of BAY 58-2667 or whether it is a general property of ligands to the sGC b 1 hemebinding pocket, we examined the effects of Zn-PPIX, which has high affinity for sGC (K d , 16 nM; ref. 23 ). Zn-PPIX also increased sGC b 1 protein levels without affecting sGC a 1 levels, similar to the effects of BAY 58-2667 ( Figure 4F) .
While other interpretations of these data cannot be excluded, a likely explanation is that occupation of the heme-binding site with high-affinity heme mimetics in general prevents oxidation-induced, ubiquitin-dependent sGC degradation. The sGC a subunit is unable to bind heme, making this subunit insensitive to heme oxidants but also to stabilizing heme-site ligands. The a subunit is, however, affected indirectly by the oxidationinduced decrease of the b protein levels, as sGC is only stable as a heterodimer and single sGC subunits are prone to degradation (24) . This explains why the protein levels of both subunits decreased in parallel upon addition of different heme oxidants. Once high-affinity heme-site ligands such as BAY 58-2667 or Zn-PPIX were added, the sGC b subunit was stabilized, resulting in the observed strong increase in this protein's expression. The availability of the stabilized b subunit conserves the sGC a protein on the level of controls as stable heterodimers can be formed. However, as the a subunit cannot bind heme or other heme-site ligands, its physiological turnover is not affected, explaining the lack of increased a protein levels as observed for the b subunit. These data indicate that under oxidizing conditions, BAY 58-2667 and Zn-PPIX preserve stable heterodimeric sGC levels in an active (BAY 58-2667) or inactive (Zn-PPIX) state and, in addition, result in the accumulation of nonfunctional b mono-or probably homodimers (25) .
Moreover, our data indicate that BAY 58-2667 may represent a unique vasodilator that is of particular use under conditions of oxidative stress. Therefore, we extended our experiments to functionally analyze isolated blood vessels. Rat aortic ring preparations were incubated with and without the endogenous oxidant ONOO -for 1.5 hours or with SIN-1 for 24 hours, and the relaxation of phenylephrine (PE) precontraction was measured in response to acetylcholine, DEA/NO, or BAY 58-2667. Contractility of the vessels was not affected by the long-term treatment with SIN-1 (data not shown). However, the maximal relaxation in response to acetylcholine was impaired (ONOO -, 48.8% ± 6.6%; versus control, 90.3% ± 1.4%; Figure 5A ). The NO donor DEA/NO produced complete relaxation of both control and ONOO --treated vessels, but its potency was decreased 10-fold after treatment with ONOO -(EC 50 , ONOO -, 6.20 ± 0.24 logM; versus control, 7.34 ± 0.04 log M; Figure 5B ). In contrast, the sensitivity to BAY 58-2667 was increased after treatment with both ONOO -(EC 50 , ONOO -, 9.34 ± 0.11 logM; versus control, 8.27 ± 0.05 logM; Figure 5C ) and SIN-1 (EC 50 , SIN-1, 11.35 ± 0.06 logM; versus control, 10.64 ± 0.05 logM, Figure 5D ). Moreover, following 1.5 hours of treatment with ONOO -( Figure 5C ) and 24 hours of treatment with SIN-1 ( Figure 5D ), the increase in the maximum response to BAY 58-2667 was striking. Consistently, pretreatment with the reductant N-acetyl-cysteine (NAC) dramatically lowered the effectiveness of BAY 58-2667 ( Figure 5C ). Thus the vasorelaxant potency and efficacy of BAY 58-2667 is increased under conditions of oxidative stress.
To validate this unprecedented feature of a vasodilator drug, we investigated vascular reactivity in 4 distinct disease models involving endogenous oxidative stress rather than exogenously induced oxidative stress: aged spontaneously hypertensive rats (SHR), Watanabe heritable hyperlipidemic (WHHL) rabbits, ApoE -/-mice on high-fat diet, and human mesocolon arteries from patients with type 2 diabetes.
BAY 58-2667 inhibited the PE-induced contraction of aortic rings from normal and aged SHR in a concentration-dependent manner (IC 50 , normal SHR, 1.23 ± 0.16 nM; aged SHR, 0.35 ± 0.14 nM; P < 0.01), and the addition of ODQ (10 mM) shifted the concentration-response curves leftward (IC 50 , normal SHR, 0.15 ± 0.03 nM; aged SHR, 0.09 ± 0.013 nM; P < 0.01; Figure 6A ). These results show that BAY 58-2667 more potently relaxes vessels from hypertensive rats than normotensive rats if the heme group of sGC is oxidized. To validate that this enhanced vasorelaxation was indeed mediated by sGC stimulation, we measured the effects of BAY 58-2667 on vascular cGMP levels in aortas taken from normal rats and SHR with and without 10 mM ODQ pretreatment. Figure 3D shows that exposure of 10 mM BAY 58-2667 induced significantly higher cGMP levels in aortas from hypertensive versus normotensive rats and that this cGMP increase was further potentiated in the presence of ODQ.
In WHHL rabbits a marked attenuation of the endotheliumdependent vasodilatation has been identified as a characteristic of early stages of atherosclerosis related to enhanced inactivation of endothelium-derived NO by superoxide (26) . BAY 58-2667 inhibited PE-induced contractions of saphenous artery rings from WHHL rabbits more potently than of control New Zealand (NZW) rabbits (IC 50 , WHHL, 0.1 ± 0.012 nM; NZW, 1.2 ± 0.09 nM; P < 0.001). However, the NO donor sodium nitroprusside relaxed precontracted arteries from WHHL and NZW rabbits with no significant difference (IC 50 , NZW, 105 ± 24 nM; WHHL, 153 ± 25 nM; Figure 6B ).
To confirm these data in a third animal model for vascular disease, we investigated the vasorelaxing effects of BAY 58-2667 and the NO donor glycerol trinitrate (GTN) on precontracted aortas from ApoE -/-mice fed standard and high-fat diets. BAY 58-2667 inhibited precontracted vessels (IC 50 , standard diet, 4.0 ± 0.28 nM; high-fat diet, 0.7 ± 0.09 nM; P < 0.001; Figure 6C ). In contrast, the relaxation response to GTN was impaired in ApoE -/-mice on the high-fat diet (IC 50 , standard diet, 67.5 ± 20.8 nM; high-fat diet, 119 ± 54.3 nM; P < 0.01). These data suggest that a milder degree of sGC oxidation occurs physiologically and that accumulated oxidized sGC under pathophysiological conditions represents a pool that can be selectively stimulated by BAY 58-2667 to cause selective vasodilatation of pathological blood vessels.
We then sought to apply these observations to human tissue. Since diminished activity of vascular sGC has also been reported in animal models of type 2 diabetes (27), we investigated the relaxing effect of BAY 58-2667 in human arteries taken from human mesocolon specimens obtained during bypass surgery from patients with and without type 2 diabetes. Indeed, BAY 58-2667 relaxed arteries from diabetic patients more potently than controls (IC 50 , 0.03 ± 0.002 nM; versus control, 0.39 ± 0.02 nM; P < 0.001; Figure 6D ). Thus selective targeting of heme-oxidized sGC extends to human forms of oxidative stress and vascular disease.
Finally, we wanted to investigate the effectiveness and selectivity of BAY 58-2667 at the in vivo level with and without ODQ pretreatment. In anesthetized rats, BAY 58-2667 produced a dose-dependent and long-lasting hypotension ( Figure 6E ). After i.v. administration of 10 mg/kg BAY 58-2667, a maximal effect of 29 mmHg was observed. Pretreatment with ODQ induced not only a significant increase in effectiveness to 71 mmHg, but it also prolonged the effect's duration ( Figure 6E ). Upon oral administration of 3 mg/kg BAY 58-2667, the hypotension lasted longer in conscious SHR than in normotensive Wistar rats (Figure 6 , F and G). Given that chronic inhibition of NO synthesis in rats increases aortic superoxide anion production via an activated renin angiotensin system (28) , the cardiovascular consequences of sGC activation were evaluated by the long-term effects of BAY 58-2667 in hypertensive transgenic renin rats [TG(mRen2)27 rats] treated with the NOS inhibitor N-nitro-l-arginine methylester (l-NAME). Systolic blood pressure, as measured by the tail cuff method, increased in 11-week-old TG(mRen2)27 rats that received l-NAME from
Figure 7
NO receptor sGC exists in a physiological equilibrium between 2 redox states, the reduced and NO-sensitive versus the oxidized and heme mimetic-sensitive form. Under pathophysiological conditions, this relative ratio is shifted toward the oxidized form, which is selectively targeted by sGC activators such as BAY 58-2667 to overcome the pathophysiology of impaired NO-cGMP signaling. In addition, high-affinity heme-site ligands such as Zn-PPIX (Zn) or BAY 58-2667 (BAY) are able to block the oxidation-accelerated degradation of the sGC a/b heterodimer, thereby stabilizing and conserving the enzyme protein levels in an inactive (Zn-PPIX-bound) or active (BAY 58-2667-bound) form even under oxidizing conditions. Furthermore, heme-site ligands decelerate the physiological turnover of the sGC b subunit, resulting in an accumulation of this monomeric protein.
159 ± 3 mmHg to 176 ± 3 mmHg, whereas in animals treated with BAY 58-2667 the systolic pressure decreased slightly to 150 ± 3 mmHg ( Figure 6H ). At the end of the study, plasma B-type natriuretic peptide (BNP), creatinine, urea, and renin activity were significantly lower, reflecting cardiorenal protection effect ( Figure 6I ). Most notably, the overall beneficial effect of BAY 58-2667 was reflected in a significant reduction in mortality. During the course of study, 9 of 20 control animals died, whereas in the treatment group all 15 animals stayed alive.
Discussion
Murad, Furchgott, and Ignarro originally outlined the endogenous NO-cGMP signaling pathway in blood vessels. Since then, different ligands and stimulators ranging from small molecular compounds to proteins have also been shown to stimulate heme-containing sGC in the cardiovascular system. In 2002, we described a member of a novel structural class of compounds (BAY 58-2667) that, in contrast to the NO-independent but heme-dependent sGC stimulators such as YC-1, BAY 41-2272, and BAY 41-8543, could activate sGC in its NO-insensitive, oxidized (or heme-deficient) state (13) . The activation of this presumably artificial state of sGC was an unexpected biochemical feature and not fully recognized as a drug target. Here we provide compelling evidence that an sGC that is indistinguishable from oxidized/heme-free sGC occurs physiologically and can be selectively targeted by BAY 58-2667. Most important, the levels of oxidized/heme-free sGC appear to increase in various pathophysiological animal models and in human cardiovascular diseases that are accompanied by increased production of ROS, suggesting a causal link among vascular dysfunction, ROS formation, heme oxidation, and ultimately heme loss. The selectivity of BAY 58-2667 for oxidized/heme-free sGC thus allows for targeting of diseased blood vessels in an unprecedented manner and with potency in the low nM range.
In order to validate BAY 58-2667 as a potent tool for identifying oxidized/heme-free sGC in vitro and in vivo, we established BAY 58-2667 as a full agonist at the heme-binding site of sGC, PPIX as a partial agonist, and Zn-PPIX as a full antagonist. The fact that Zn-PPIX lowers cGMP levels in vivo suggests that endogenous ligands for heme-free sGC exist.
Here we describe what we believe to be a new signaling pathway prevalent under disease conditions. Moreover, we observed that oxidized sGC seems to be prone to accelerated degradation through ubiquitinilation. BAY 58-2667 stabilizes heme-free sGC in a positive feedback loop. This selective vasodilation may in the future also be used as a functional diagnostic tool in humans. Potential therapeutic indications may include heart failure, hypertension, pulmonary hypertension, renal failure, and peripheral arterial occlusive disease.
In summary, our data indicate that sGC exists under physiological conditions in an equilibrium between its reduced and oxidized state; oxidative stress shifts this ratio more to the NO-insensitive ferric/heme-free form (Figure 7 ). The selectivity of BAY 58-2667 to activate this oxidation-impaired/heme-free form of sGC has important implications for the pharmacology of sGC, the fundamental understanding of sGC regulation in NO signaling, and the potential use of BAY 58-2667 as a diagnostic tool and as a highly innovative therapy for vascular disease; for the first time to our knowledge, selective vasodilatation of diseased blood vessels under oxidative stress is possible.
Methods
BAY 58-2667 was synthesized as described previously (29) at a purity of 98.6% as determined by HPLC, NMR, and liquid chromatography mass spectroscopy. The compound may be obtained from Bayer HealthCare via a material transfer agreement. BAY 41-2272, DEA/NO, and ODQ were purchased from Alexis Biochemicals; Axxora. All other chemicals of analytical grade were obtained from Sigma-Aldrich.
Purification of sGC and activity assay. Recombinant human and rat sGC was expressed using the Sf9/baculovirus system and purified as described previously (3, 25, 30) . Measurement of human recombinant sGC activity with subsequent determination of cGMP content by enzyme immunoassay was performed as described previously (31) . Activity of recombinant rat sGC was measured by formation of [ 32 P]-cGMP from [a-32 P]-GTP (30) . Removal of the sGC heme moiety and subsequent removal of the detergent was performed as described previously (30) .
Cell culture. Porcine pulmonary artery endothelial cell culture was performed as described previously (32) . Smooth muscle cells were isolated enzymatically by incubation of the aortic inner surface with collagenase type CLS II (0.5 mg/ml, 10 min at room temperature) after removal of endothelial cells. Growth media used were M199 for endothelial cells and DMEM (Sigma-Aldrich) for smooth muscle cells, both supplemented with 10% fetal calf serum, 100 U/ml penicillin, and 100 mg/ml streptomycin. Passages 6-8 (for smooth muscle cells) or confluent cell monolayers from the second passage (for endothelial cells) were used for experiments. To measure intracellular cGMP content, cells were stimulated with the compounds indicated in Figures 3 and 4 , medium was removed, and 70% ethanol was added. After evaporation of ethanol, cells were homogenized in assay buffer (BIOTREND), and cGMP was measured by enzyme immunoassay according to the manufacturer's instructions. Alternatively, for Western blot analysis, cells were lysed in 250 ml Roti-Load (Carl Roth) sample buffer preheated to 95°C and then boiled for an additional 10 minutes.
Aortic cGMP. Determination of vascular cGMP content of rat aortic rings was performed as described previously (33) .
Human platelets. Isolation of human platelets and cGMP measurements were performed as described previously (13) .
Western blotting. Immunodetection of sGC proteins was performed as described previously (31) . Detection of sGC a1/b1 was performed using subunit-specific antibodies (31) . Quantification of luminescent signals was performed using Kodak Imager Station 440CF.
Receptor binding study. Binding studies were performed as described previously (16) .
PDE inhibition. The preparation of PDE isoenzymes and inhibition of PDE enzyme activity have been previously described (34) .
Human vessels. We included consecutive patients scheduled for elective bowel surgery if they fulfilled the following inclusion criteria: aged 50-75 years, no risk factors for atherosclerosis or diabetes or at least 2 risk factors for atherosclerosis and type 2 diabetes of at least 2 years' duration, and written informed consent. Patients were excluded if 1 or more of the following criteria were fulfilled: age less than 50 or greater than 75 years, type 1 diabetes, or vasodilator therapy during surgery. The medical history of patients eligible for the study was recorded using a standardized questionnaire that contained the following items: type of surgery and anesthesia, additional diseases and/or events, standard laboratory parameters, and regular medication. Vessels with a diameter of 1.5-2.5 mm were dissected from the mesocolon, and segments of 2.0 cm were gently isolated from fat and loose connective tissue. The preparations were immediately collected into vials with chilled modified Krebs Henseleit buffer and immediately transferred for experiments. The study was carried out in adherence to the Declaration of
